The concepts of tolerability and reasonableness are at the core of the International Commission on Radiological Protection (ICRP) system of radiological protection. Tolerability allows the definition of boundaries for implementing ICRP principles, while reasonableness contributes to decisions regarding adequate levels of protection, taking into account the prevailing circumstances. In the 1970s and 1980s, attempts to find theoretical foundations in risk comparisons for tolerability and cost-benefit analysis for reasonableness failed. In practice, the search for a rational basis for these concepts will never end. Making a wise decision will always remain a matter of judgement and will depend on the circumstances as well as the current knowledge and past experience. This paper discusses the constituents of tolerability and reasonableness at the heart of the radiological protection system. It also emphasises the increasing role of stakeholder engagement in the quest for tolerability and reasonableness since Publication 103.
INTRODUCTION
Faced with 'the existing uncertainty as to the dose-effect relationships for somatic effects', Publication 1 (ICRP, 1959) recommended 'that all doses be kept as low as practicable', recognising that man could not avoid the use of ionising radiation completely. Publication 1 concluded that it is necessary to limit doses so that the risk 'is not unacceptable to the individual and to the population at large'. This paper does not necessarily reflect the views of the International Commission on Radiological Protection.
It took several decades for the International Commission on Radiological Protection (ICRP) to clarify what was meant by 'as low as practicable' and 'not unacceptable', and the criteria on which to base the decisions about these intentions. It is interesting to note that in its 1966 Recommendations, ICRP adopted the following statement introducing economic and social considerations: 'As any exposure may involve some degree of risk, the Commission recommends that any unnecessary exposure be avoided, and that all doses be kept as low as readily achievable, economic and social considerations being taken into account' (ICRP, 1966) .
These recommendations remain the core of the ICRP radiological protection system today, and lead to a continuous posing of the following guiding questions: Are individual exposures to radiation considered by society to be tolerable? Are all exposures maintained as low as reasonably achievable under the prevailing circumstances?
This paper discusses the main constituents of tolerability and reasonableness, as well as their historical development in implementation of the radiological protection system. It also emphasises the increasing role of stakeholder engagement in the quest for tolerability and reasonableness since Publication 103 (ICRP, 2007) .
SEARCH FOR TOLERABILITY

Tolerability and risk comparison
The first attempt from ICRP to address tolerability was made in 1977 in Publication 26, which introduced a distinction between non-stochastic effects and stochastic effects: 'The aim of radiation protection should be to prevent detrimental non-stochastic effects and to limit the probability of stochastic effects to levels deemed to be acceptable' (ICRP, 1977) .
For non-stochastic effects, prevention consisted of adopting an exposure limit below the threshold for occurrence of these effects: 'The prevention of non-stochastic effects would be achieved by setting dose-equivalent limits at sufficiently low values so that no threshold dose would be reached, even following exposure for the whole of the lifetime or for the total period of working life' (ICRP, 1977) .
For protection against stochastic effects, ICRP referred to the tolerability of risk, and suggested defining occupational and public dose limits by comparison with other risks. In this approach, an annual dose criterion (expressed in mSv y À1 ) is derived by dividing an annual level of risk considered as tolerable in other domains (expressed in individual risk of occurrence of fatal effect y À1 ) by the radiation risk coefficient (expressed in risk of occurrence of radiation-induced effects mSv À1 ).
In 1977, this level of tolerable risk was considered to be in the range of 10 À4 y À1 for occupational exposure: 'The Commission believes that for the foreseeable future a valid method for judging the acceptability of the level of risk in radiation work is by comparing this risk with that for other occupations recognized as having high standards of safety, which are generally considered to be those in which the average annual mortality due to occupational hazards does not exceed 10 À4 ' (ICRP, 1977) .
For defining the annual dose criterion, ICRP introduced considerations on the distribution of individual occupational exposures: 'When making comparisons with other safe occupations, it should be realised that the level of risk representative of a safe occupation relates to the average risk for all workers in that occupation, the risk for individual workers varying with their job and being distributed around this average' (ICRP, 1977) .
This allowed the Commission to assume that: 'In many cases of occupational exposure where the Commission's system of dose limitation has been applied, the resultant annual average dose equivalent is no greater than one tenth of the annual limit. Therefore the application of a dose-equivalent limit provides much better protection for the average worker in the group than that corresponding to the limit' (ICRP, 1977) .
These considerations led ICRP to adopt an annual dose limit of 50 mSv for occupational exposure, assuming an average annual exposure of 5 mSv and corresponding to a risk of 5 Â 10 À5 y À1 for fatal cancers and 2 Â 10 À5 y À1 for hereditary effects, being in agreement with the tolerable risk level observed in other occupations.
A similar approach was adopted for defining the annual dose limit for public exposure. In that case, the Commission referred to risks observed in everyday life that are considered to be tolerable: 'From a review of available information related to risks regularly accepted in everyday life, it can be concluded that the level of acceptability for fatal risks to the general public is an order of magnitude lower than for occupational risks. On this basis, a risk in the range of 10 À6 to 10 À5 y À1 would be likely to be acceptable to any individual member of the public' (ICRP, 1977) .
Based on the radiation detriment of 10 À2 Sv À1 , the annual radiation criterion corresponding to an annual risk of 10 À5 for an individual member of the public corresponds broadly to 1 mSv y À1 of lifelong whole-body exposure. As for occupational exposures, the Commission took the dose distribution into account, and adopted an annual dose limit of 5 mSv for public exposure, considering that it 'is likely to result in average equivalent dose of less than 0.5 mSv' (ICRP, 1977) .
Model of tolerability of risk
Referring to the work of the Royal Society (1983) and the Health and Safety Executive (HSE, 1988) of Great Britain, the Commission introduced a conceptual framework for the tolerability of risk in Publication 60 (ICRP, 1991), enabling determination of the degree of tolerability of an exposure (or of the associated risk) and thus, depending on the exposure situation, distinction between unacceptable and tolerable levels of exposure. This led the Commission to define three levels in this model of tolerability: '. . . The Commission has found it useful to use three words to indicate the degree of tolerability of an exposure (or risk). They are necessarily subjective in character and must be interpreted in relation to the type and source of the exposure under consideration. The first word is 'unacceptable', which is used to indicate that the exposure would, in the Commission's view, not be acceptable on any reasonable basis in the normal operation of any practice of which the use was a matter of choice. Such exposures might have to be accepted in abnormal situations, such as those during accidents. Exposures that are not unacceptable are then subdivided into those that are 'tolerable', meaning that they are not welcome but can reasonably be tolerated, and 'acceptable', meaning that they can be accepted without further improvement, i.e. when the protection has been optimised . . .' (ICRP, 1991). Fig. 1 presents this model, where the dose limit is the boundary between 'tolerable risk' and 'unacceptable risk' (but not the boundary between 'safe' and 'dangerous').
It is interesting to note that, ultimately, with the introduction of the model of tolerability, the Commission defined tolerable exposures as those that are 'not welcome but can be reasonably tolerated', thus linking reasonableness with tolerability. It is clearly stated that reaching the limit is not the ultimate aim of the protection system. It is only considered as tolerable, and exposure should be further reduced taking into account the application of the 'as low as reasonably achievable' (ALARA) principle: 'The dose limit forms only a part of the system of protection aimed at achieving levels of dose that are as low as reasonably achievable, economic and social factors being taken into account. It is not to be seen as a target. It represents, in the Commission's view, the point at which regular, extended, deliberate, occupational exposure can reasonably be regarded as only just tolerable' (ICRP, 1991) . Associated with this model, the Commission also introduced an evolution in the calculation of the radiation detriment which is no more restricted to the occurrence of radiation-induced fatal effects, but also considers the reduction of life expectancy, the incidence of non-fatal cancer, and hereditary effects. In this context, the approach adopted for selecting the annual dose limit refers to a value that 'gives rise to a combination of consequences that is judged to be just short of unacceptable, i.e. just tolerable . . .' (ICRP, 1991) .
The Commission clearly acknowledged the introduction of value judgements for selecting the annual dose limit, explaining that it allows a series of 'interrelated factors', called 'attributes', to be considered. The following factors were considered:
. the lifetime attributable probability of death;
. the time lost if the attributable death occurs;
. the reduction of life expectancy (a combination of the first two attributes);
. the annual distribution of the attributable probability of death; and . the increase in the age-specific mortality rate, i.e. in the probability of dying in a year, at any age, conditional on reaching that age.
Based on this approach, lifetime radiation-induced detriments for occupational exposures were calculated for exposure to 10, 20, 30 and 50 mSv y À1 , and compared. A dose limit of 20 mSv y À1 , averaged over 5 y (100 mSv in 5 y, with the provision that the dose should not exceed 50 mSv in 1 y), was chosen as it gives sufficient protection and some flexibility for the worker employment while adjusting the exposure over a period of 5 y.
A different approach was adopted for public exposure, based on comparison of the variations in doses occurring from natural sources: 'The approach is to base the judgement on the variations in the existing level of dose from natural sources. This natural background may not be harmless, but it makes only a small contribution to the health detriment which society experiences. It may not be welcome, but the variations from place to place . . . can hardly be called unacceptable' (ICRP, 1991) .
As the annual effective dose from natural sources (excluding radon) is approximately 1 mSv, the Commission recommended 1 mSv y À1 as the dose limit for members of the public, with some flexibility under special circumstances.
Exposure situations and attitudes towards risk
One of the major evolutions of ICRP recommendations in Publication 103 (ICRP, 2007) relies on the focus on the three exposure situations (i.e. existing, emergency, and planned) for implementing the system of radiological protection. The reference to tolerability is no longer based on quantitative values of risk, but is considered specifically in each type of exposure situation, taking into account the various characteristics of the situation and not only the risk associated with the exposure.
In terms of risk, ICRP made a general statement to be applied to any exposure situation and referring to the protection towards health effects: 'At doses higher than 100 mSv, there is an increased likelihood of deterministic effects and a significant risk of cancer. For this reason the Commission considers that the maximum value for a reference level is 100 mSv incurred either acutely or in a year' (ICRP, 2007) .
Instead of adopting a generic level of tolerability, the Commission proposed a more pragmatic approach, including various components for selecting dose constraints or reference levels according to values for each specific exposure situation: 'For the selection of an appropriate value for the dose constraint or the reference level, one should consider the relevant exposure situation in terms of the nature of the exposure, the benefits from the exposure situation to individuals and society, . . . and the practicability of reducing or preventing the exposures' (ICRP, 2007) .
For this purpose, the Commission proposed three bands of dose constraints and reference levels: greater than 20 mSv y À1 to 100 mSv (acute or in 1 y), greater than 1 to 20 mSv y À1 , and 1 mSv y À1 or less [ Table 5 in Publication 103 (ICRP, 2007) ]. There is no direct reference to tolerability of risk in establishing these bands, but it is possible to propose an adaptation of the tolerability of risk model to be applied to the exposure situations as defined in Publication 103 (ICRP, 2007) . This proposal is presented in Fig. 2 .
As mentioned above, the reflection on tolerability moved progressively from the quest for a level of risk considered to be tolerable towards considerations on the tolerability of the exposure situations (source-related approach). In this context, there is no more quest for a 'universal' level of risk allowing judgement of the tolerability of the risk associated with an exposure. Thus, the definition of a dosimetric criterion (reference level or dose constraint) is linked intrinsically to implementation of the protection system and the optimisation principle. This criterion depends on the exposure situation considered, and has to be defined with the involvement of the stakeholders. It is of note, however, that the Commission maintains the dose limits to be applied for protecting individuals from all regulated sources in planned exposure situations.
The emphasis on tolerability of the exposure situation, an extension of the model of tolerability, has been proposed by introducing further considerations on individual and collective attitudes towards risk (Lochard, 2015) . Three main attitudes can be considered, depending on the level of risk: quietude/peacefulness, vigilance, and reaction. Some components of each attitude are suggested below.
. Quietude/peacefulness: in everyday life, people forget the risk if they are confident in the arrangements put in place to control it, and they trust the institutions and people responsible for this control. This is typically the case for public exposures in planned exposure situations that are completely under control. . Vigilance: if people are suspicious that something may go wrong, they pay attention to the situation, and in the proven presence of a risk, they do what is reasonably achievable to maintain or mitigate it to a tolerable level. This is typical of occupational exposures in planned exposure situations for which workers must exercise constant vigilance. This is also true, to a lesser extent, for public exposure in existing exposure situations for which exposures must previously be characterised to be controlled. . Reaction: when facing an imminent danger or being involved in an emergency, people act urgently and in a timely manner to protect themselves and their loved ones, usually demonstrating solidarity with other affected people. This is typically the case in urgent exposure situations resulting from the loss of control of a source, such as a nuclear accident, or from any unexpected situation.
This leads to the proposal of the following model (Fig. 3) , combining the tolerability of risk with attitudes towards risk where the tolerability of risk depends on the need for action from the involved individuals.
SEARCH FOR REASONABLENESS
As mentioned above, in the 1950s, the Commission introduced the search for reducing exposure as a cornerstone of its recommendations to deal with protection against stochastic effects: 'Due to the uncertainty of the dose-effect relationship for stochastic effects, the use of a limit was no longer a guarantee of the absence of risk'. This led the Commission to adopt a prudent attitude and to recommend 'that every effort be made to reduce exposures to all types of ionising radiation to the lowest possible level' (ICRP, 1955) . This position facilitated the Commission's introduction of the optimisation principle two decades later (ICRP, 2006) . It is interesting to review the evolution of the optimisation principle over the past decades, highlighting the introduction of economic and societal considerations, and the place dedicated to reasonableness. As detailed in Publication 101 (ICRP, 2006) , the formulation of the optimisation principle evolved as follows:
. to reduce exposures to the lowest possible level (ICRP, 1955) ;
. to keep exposures as low as practicable (ICRP, 1959) ;
. to keep exposures as low as readily achievable, economic and social considerations being taken into account (ICRP, 1966) ; . to keep exposures as low as reasonably achievable, economic and social considerations being taken into account (ICRP, 1973) ; . to keep exposures as low as reasonably achievable, economic and social factors being taken into account (ICRP, 1977) ; and . to keep exposures as low as reasonably achievable, economic and societal factors being taken into account (ICRP, 2007) .
3.1. Introduction of cost-benefit analysis Publication 22 (ICRP, 1973) was the first report devoted entirely to the elucidation of the optimisation principle. It introduced the methodology of cost-benefit analysis as an approach to determine 'the acceptability of levels of exposure to radiation proposed for a given activity . . .'. This methodology has played a leading role in the structuring of the practical implementation of the principle. The main objective of this methodology is to balance the risk associated with exposure (expressed in terms of radiation detriment) with the benefit provided by the activities or the situation for a given group of population: 'It is then helpful to express the population dose not only in man-rems, but also in social and economic terms, for example, in terms of detriment or monetary units, so that the advantage of a reduction in collective dose can be compared directly with the detriment or cost of achieving this reduction' (ICRP, 1973) .
In addition, in Publication 37, ICRP (1983) introduced further considerations on social aspects incorporated in monetary terms with the so-called monetary value of the person-Sv: '. . . in some complex situations it may be desirable to add the costs associated with additional components of detriment to take account of non-objective features and of non-health detriments' (ICRP, 1983) . Fig. 4 describes the selection of the optimum level of protection on the basis of the cost-benefit analysis.
In the 1980s and 1990s, economic developments led the monetary value of the person-Sv to be defined as the probability of occurrence of a radiation-induced health effect associated with exposure to ionising radiation, multiplied by the monetary value attributed to that health effect, generally expressed as the number of years of life lost. Thus, the monetary value corresponds to what the decision-maker is willing to pay to avoid one unit of collective dose (Schneider et al., 1997) .
It has to be acknowledged that this approach has been largely implemented in decision-making processes for the selection of investments in radiological protection in the workplace, for which it is generally possible to quantify all the components of the costs and the benefits. Fig. 5 gives examples of monetary values adopted in the nuclear industry. Its application was more difficult for evaluation of the benefits and detriments for public exposures, notably for public exposures associated with the discharges of nuclear installations, and particularly for exposures of far-future generations. The weak point here is difficulty in deciding upon the boundaries of the detriment to be considered.
From economic rationality to stakeholder involvement
Despite all efforts to anchor the optimisation of protection in the rationality of classical economics, the process to maintain levels of exposure as low as reasonably achievable remains essentially a matter of judgement, mixing quantitative and qualitative values, and field experience. This led to the successive incorporation into the optimisation process of components developed in the field of management (ICRP, 1990) , and approaches calling on the direct involvement of all parties involved in the implementation of protection (ICRP, 2006) . In Publication 55 (ICRP, 1990) , in order to incorporate the various components (referred to as 'attributes') in the decision-making process and to propose a structured approach for implementation of the optimisation principle, the Commission described the steps of the ALARA process and proposed to replace the cost-benefit analysis by a multi-attribute analysis for complex situations. The Commission also emphasised the usefulness for ensuring the traceability and transparency of the process: 'A structured approach to optimization of protection is important to ensure that no important aspects are overlooked and to record the analysis for information and for assessment by others' (ICRP, 1990) .
From the late 1990s, the search for reasonableness led to the development of stakeholder involvement approaches for the selection of protective actions to better cope with the specificities of each exposure situation. For this purpose, the key challenges are to develop evaluation procedures involving stakeholders, and also to favour the development of the radiological protection culture for allowing deliberation on what they consider to be reasonable levels of exposures given the prevailing circumstances. Such procedures have been implemented successfully in the case of post-accident situations or exposure to radon. It should be stressed that such approaches need to foster the emergence of informed and advised stakeholders, in order to engage them in dialogue to assess the benefits and drawbacks of various possible protection options for their own protection and well-being. Stakeholder involvement was introduced clearly by the Commission in Publication 101 (ICRP, 2006) , with the aim of broadening the process of optimisation of radiological protection: 'The basic definition given in Publication 60 (ICRP, 1991) remains valid, but the way in which it should be implemented is now viewed as a broader process reflecting the increasing role of individual equity, safety culture, and stakeholder involvement in our modern societies . . .' (ICRP, 2006) .
From this perspective, Publication 101 (ICRP, 2006) highlighted the main societal considerations and values to be addressed in the stakeholder involvement process: equity; ability to control (measurement, health surveillance, etc.); sustainability; intergenerational considerations; individual benefit; social benefit; level of information/knowledge held by those exposed; and social trust.
Constituents of reasonableness
In its recommendations, ICRP refers to reasonableness in the sense of discernment, judgement, common sense, and wisdom. It also refers to the faculty of thinking and allowing the application of judgement to action. The search for reasonableness requires both understanding of the situation and reference to knowledge and experience in the assessment of what is considered acceptable in view of individual and collective values.
The experience of implementation of the ALARA principle shows that the decision cannot be driven solely by theoretical knowledge, and that it is inseparable from the establishment of a deliberative process to determine what to do for the protection of people based on the specificities/characteristics of the situation.
The following paragraphs emphasise some key components of reasonableness in a broader perspective.
Reasonableness refers to reciprocity in the sense of a situation or a relationship in which two or more people or groups agree to do something similar for each other. It relies on the development of a reasoning accessible to others, and the promotion of fair co-operation. Reasonableness is clearly linked to the ethical values of justice and equity.
Reasonableness is considered as an expression of wisdom, defined as 'the quality of having experience, knowledge, and good judgement' (Oxford Dictionary). As a virtue, wisdom is the disposition to behave and act with the highest degree of adequacy under any given circumstances. In its popular sense, wisdom is attributed to a person who takes reasonable decisions and acts accordingly.
CONCLUSIONS
Tolerability allows one to define boundaries for the implementation of ICRP principles, while reasonableness contributes to finding an adequate level of protection, taking into account economic and societal aspects given the prevailing circumstances. Tolerability is intimately linked with the limitation principle, and reasonableness is linked with the optimisation principle, which together aim to reflect the ethical values of prudence and justice in protection (Lochard, 2016) .
In the 1970s and 1980s, attempts to find rational and objective bases for what is tolerable, failed to provide clear-cut answers for implementation of the system of radiological protection.
In practice, searching for tolerability and reasonableness are permanent questioning processes that depend on the prevailing circumstances in order to act wisely based on accumulated knowledge and experience (i.e. with the desire to do more good than harm, to avoid unnecessary risk, to seek fair distribution of exposures, and to treat people with respect).
These processes can be supported by quantitative methods, but definitely remain deliberative in nature. It is important to keep in mind that reasonableness and tolerability are intrinsically related, as quoted by the International Tribunal of the Law of the Sea (2003): '. . . the very multi-faceted concept of reasonableness should, as relevant, be patently and fully grounded in such synonymous notions as proportionality, balance, fairness, moderateness, consistency, suitability, tolerableness and absence of excessiveness'.
